ABSTRACT: The role of DMP1 in mineralization was analyzed by comparing bone mineral and matrix properties in dmp1-null female mice to heterozygous and wildtype controls by FTIR imaging spectroscopy. The observed decreased mineral content in dmp1 null mice indicates a key role for dmp1 in bone mineralization. Indirect effects of DMP1 on other systems also determine the KO phenotype.
INTRODUCTION

D
ENTIN MATRIX PROTEIN-1 (DMP1), initially named AG1, (1) an acidic noncollagenous phosphoprotein, is a member of the SIBLING (small integrin binding ligand N-linked glycoprotein) family, (2) which includes osteopontin, bone sialoprotein, DMP1, dentin sialophosphoprotein (DSPP), enamelin, and matrix extracellular phosphoglycoprotein (MEPE). These proteins share some common features such as their location on human chromosome 4q21, their multiple phosphorylation sites, their highly acidic nature, and the presence of an arginine-glycine-aspartate (RGD) cell attachment domain. Each of these proteins is thought to play an important role in tissue mineralization. (1, 3, 4) Dmp1 was first cloned from dentin (1) and later found in bone, (5) (6) (7) cartilage, (8) and cementum. (9) Thus, it was originally thought to be specific to mineralized tissue.
Recently, however, DMP1 was detected in a number of nonmineralized tissues including liver, muscle, pancreas, kidney, brain, (5, 10) and salivary glands, (11) as well as in human lung adenocarcinoma, (12) phosphaturic mesenchymal tumors, (13) and cancers of the breast, uterus, and colon. (14) DMP1 is a multifunctional protein that has been found to regulate cell attachment (15) and cell differentiation, (16, 17) to activate matrix metalloproteinase-9, (18) and has been postulated to play a significant role in biomineralization. (19) In vitro, DMP1 acts as a hydroxyapatite (HA) crystal nucleator with very high calcium ion binding capability (20) and binds specifically to the N-telopeptide region of type I collagen in the gap region. (21) In addition, studies of fetal rat calvarial cell cultures showed that the expression of DMP1 is associated closely with "bone nodule" formation and mineralization. (8) These studies suggest that DMP1 is a promoter of mineralization. However, in a gelatin-gel diffusion system, (22) different forms of DMP1 act as nucleators or inhibitors. In the gelatin-gel system, the nonphosphorylated rDMP1 and the highly phosphorylated C-terminal 57K peptide of DMP1 act as apatite nucleators, the phosphorylated full-length bovine DMP1 expressed in marrow stromal cells is a mineralization inhibitor, and the rDMP1 phosphorylated in vitro had no effect on HA formation and growth. (23) Thus, further study is needed to understand the in situ effects of DMP1.
In vivo studies showed that embryo and newborn dmp1-null mice could not be distinguished visibly from wildtype littermates by whole skeleton radiography and Alizarin red/ Alcian blue staining; femora of dmp1-null mice embryos did not show obvious abnormalities by H&E staining, although the dmp1-null mice had slightly expanded hypertrophic zones and modestly increased bone diameter compared with wildtypes. (24) Ye et al. (19) recently reported that dmp1 null mice postnatally displayed a profound tooth phenotype characterized by increased width of predentin with a reduced dentin wall thickness and dentin hypomineralization. In addition, vertebrae and long bones in postnatal dmp1-null mice were shorter and wider with delayed and malformed secondary ossification centers and an irregular and highly expanded growth plate, creating a phenotype resembling dwarfism with chondrodysplasia, (25) suggesting that DMP1 is critical for the postnatal development of mineralized tissues.
The purpose of this study was to clarify the role of DMP1 in bone mineralization in vivo. We used Fourier-transform infrared imaging (FTIRI) and CT to characterize changes in both the mineral and matrix of the bones of dmp1 knockouts (KOs) and age-, sex-, and background-matched wildtypes (WTs) and heterozygotes (HETs). FTIRI, in which an array detector is coupled to an infrared microscope allowing acquisition of multiple spectra simultaneously from selected areas of bone sections, provides unique spatially resolved information on the amount of mineral present, mineral crystallinity, and collagen properties. Highresolution CT was used to provide 3-D information on bone geometry.
MATERIALS AND METHODS
Experimental animals
Dmp1-null mice targeted to replace the dmp1 exon 6 with a lacZ knock-in gene and a neo-cassette in embryonic stem cells were developed at University of Missouri-Kansas City as described elsewhere. (24) The heterozygous dmp1-null mice, verified by Southern blot analysis, were interbred to generate homozygotes in the C57BL/6 background. The Institutional Animal Care and Use Committees of University of Missouri-Kansas City and the National Institute of Environmental Health Sciences, NIH, approved all animal experimental protocols.
Ten tibias per genotype per age were obtained from WT, HET, and KO female mice at 4 and 16 weeks (N total ‫ס‬ 60). Four tibias per group were cleaned of soft tissue, stored in 90% ethanol, and scanned by CT as detailed below. The proximal ends of the other six tibias were cut off and embedded in Spur's medium (Electron Microscopy Science, Hatfield, PA, USA). Longitudinal nondecalcified sections of the proximal ends of the tibia (four sections per bone) were cut by a HM360 microtome (Microm, Walldorf, Germany) at 2 m thickness and mounted on barium fluoride (BaF 2 ) infrared windows (Spectral Systems, Hopewell Junction, NY, USA) for FTIRI analyses. Another two sections per bone were cut at 4 m thickness and stained by the von Kossa method and counterstained with neutral red (26) and Goldner's trichrome. (27) µCT Tibial geometry was determined from CT (Enhanced Vision Systems Model MS-8 In Vitro CT scanner; GE Healthcare, London, Ontario, Canada). Tibias, cleaned of soft tissue, were scanned in saline (0.9% sodium chloride; Baxter Healthcare, Deerfield, IL, USA). 2-D projections of four tibias per scan were collected by Evolver software (GE Healthcare); isotropic voxel size was 12 × 12 × 12 m. The hardware of the Enhanced Visions System CT scanner is engineered to minimize beam hardening associated with polychromatic X-ray to ensure uniformity of the beam at the detector array. Filtering of the low-energy portion of the X-ray spectrum with aluminum, acrylic, and a saline bath results in a flat field where the attenuation within a uniform material is independent of spatial position. To minimize noise, a large number of views, increased frame averaging, and increased shutter exposure time were used, resulting in 4-h scans. Reconstruction of projections into CT volume data were accomplished by Beam software (GE Healthcare) with a modified Parker algorithm. (28, 29) 2-D images, 3-D volume generation, and threshold analysis were calculated with Microview (GE Healthcare). Reconstructed grayscale volumes for each cortical subvolume at the middle of the tibias were extracted and segmented with the individual threshold defined by the auto-threshold function of Microview, namely generating the attenuation histogram of the volume of interest and fitting the data with the Otsu method. (30) We used the auto-threshold method because it segregates mineralized tissue based on the distribution for a given specimen of background and mineral-ized voxels and helps to reduce experimental error associated with temporal effects. A MATLAB (version 6.5; Mathworks, Natick, MA, USA) program based on an integrative method (31) was used to calculate the cross-sectional area, maximum cross-sectional moment of inertia (I max ), minimum cross-sectional moment of inertia (I min ), and polar cross-sectional moment of inertia (J). Moment of inertia is a geometric property of a beam that measures the distribution of mineral about a given axis, representing the ability to resist bending or torsion.
FTIRI
Tibia sections of 4-and 16-week-old mice were examined by FTIRI to acquire spectral images using either the BioRad FTS-6000 Stingray system (BioRad, Cambridge, MA, USA) or the Perkin Elmer Spotlight Imaging system (Perkin Elmer Instruments, Shelton, CT, USA). The spectral resolution was 16 cm −1 , and areas 400 × 400 m 2 were examined on both instruments. The spatial resolution was ∼7 m. Spectra were transferred to yield images corresponding to infrared band areas, peak height ratios, and integrated area ratios by a combination of instrument software and ISYS Chemical Imaging Software (v 2.1; Spectral Dimensions, Olney, MD, USA). (32, 33) Background spectra were collected under identical conditions from the same BaF 2 windows. IR data of three areas per anatomical bone site at primary spongiosa, secondary spongiosa, and cortex were collected (Fig. 1 ). After acquisition, spectra were truncated to allow analysis of the spectral data of interest and zero-corrected for the baseline, and the spectral contribution of Spur embedding media was subtracted using ISYS software.
Three spectroscopic parameters were calculated: mineral-to-matrix ratio, crystallinity, and collagen cross-link ratio (XLR). The mineral-to-matrix ratio (v 1 , v 3 PO 4 band [900-1200 cm −1 ]/amide I band [1590-1720 cm −1 ] integrated areas ratio) is a measure that corresponds to ash weight measurements. (34) Mineral crystallinity is a parameter that corresponds to the crystallite size and perfection as determined by X-ray diffraction, and was calculated from the intensity ratios of subbands at 1030 (stoichiometric apatite) and 1020 cm −1 (nonstoichiometric apatite). (33) XLR is a parameter reflecting the relative ratio of nonreducible and reducible collagen cross-links, expressed as the absorbance ratio at two specific wavenumbers (1660 and 1690 cm −1 ). (35) Details for the spectral processing methods and reproducibility of measurements are published elsewhere. (31, 32, (34) (35) (36) In the spectral images, pixels devoid of bone (no mineral and/or matrix spectral signature) were set equal to zero and masked to be excluded from calculations. The spectroscopic results were expressed as histograms describing the pixel distribution of the three parameters above, mean values, and SDs of the pixel distribution, and corresponding colorcoded images were generated at the same time by ISYS. Means and SDs were averaged for multiple sites in each animal and among six different animals for each age and genotype using Microsoft EXCEL.
Biochemistry
Serum obtained by the cardiac puncture from WT, HET, and KO animals was analyzed for calcium and phosphate content by ion chromatography (DX-120 ion chromatograph; Dionex, Sunnyvale, CA, USA) as described elsewhere. (37) 
Statistical analysis
Departures from normal distribution were assessed graphically and by the Kolmogorov-Smironov test. None of the outcome variables departed from normality. Data were analyzed by two-factor ANOVA with interaction. The first factor was genotype (dmp1 WT, HET, and KO) and the second factor was age (4 and 16 weeks). The ANOVA type I error rate was set at 0.05. If the interaction term between genotype and age was significant, the conclusion was drawn that the effect of genotype was dependent on age. This gave justification for examining effects of genotype separately for each age. (38) Posthoc comparisons were made using Tukey pairwise mean comparison tests. The Tukey experiment-wise error rate was set at 0.05. If the ANOVA interaction term was not significant, the main effects were examined. If the main effect of genotype was significant, contrasts among levels of genotype were tested. The contrast error rate was set at 0.05. Analyses were conducted using SYSTAT @ 9 Statistics I (SPSS, Chicago, IL, USA). 
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Dmp1 KO mice showed evidence of osteomalacia
In histological analysis, morphologic changes characteristic of osteomalacia were observed in the tibia sections of dmp1 KO mice: widespread excessive osteoid and increased width of osteoid seams at the surfaces of both cancellous and cortical bone, structure deformities, smaller and disorganized trabeculae, irregular and expanded growth plate, enlarged metaphysis, smaller secondary ossification center, and considerable cortical porosity (Fig. 1) .
Geometric parameters were decreased in diaphysis of dmp1 KO mice tibias
Proximal tibias of dmp1 KO mice were shorter and wider than those of dmp1 WT and HET by CT, with enlarged flaring metaphysis, expanded growth plates, smaller secondary ossification center, fewer trabeculae, thinner diaphyseal cortical walls, and larger marrow space (Fig. 2) .
Cross-sectional areas of the tibial midshaft were significantly smaller in dmp1 KO mice than in both dmp1 WT and HET mice at 16 weeks of age ( Table 1) . The cross-sectional moments of inertia including I max , I min , and J were significantly lower in dmp1 KO than in dmp1 HET at 16 weeks. No significant differences in these parameters were found comparing dmp1 WT and KO mice. In WT and HET mice at 16 weeks, cross-sectional areas and moments of inertia were larger than those of corresponding genotype mice at 4 weeks, indicating growth. In the dmp1 KO mice, only the cross-sectional area increased with age from 4 to 16 weeks; the moments of inertia did not get larger.
Mineral-to-matrix ratio decreased significantly in dmp1 KO mice
As shown in Fig. 3 , at 4 and 16 weeks, mineral-to-matrix ratios of dmp1 KO mice in the cortex, primary spongiosa, and secondary spongiosa were significantly lower than those of WT and HET mice. Interestingly, the mineral-tomatrix ratio of 16-week dmp1 KO mice increased significantly from 4-week values, whereas WT and HET mice did not show significant increases in this parameter in primary and secondary spongiosa. These findings are shown by representative color-coded images of mineral-to-matrix ratio at cortex and secondary spongiosa of all genotypes at both ages (Figs. 4A and 4B ).
Crystallinity increased in dmp1 KO mice
Crystallinity, a measure of crystal maturity, a parameter that increases with bone age in normal animals, was significantly higher in the dmp1 KO mice with respect to WT mice at 4 and 16 weeks at all bone sites (Fig. 3B) . However, there was not a significant age-dependent effect. Interestingly, this parameter was greater in the HET than in the KO mice at 4 and 16 weeks for cortical bone and was significantly greater than WT mice but not significantly different from KO mice for HET primary spongiosa and secondary spongiosa. Representative FTIRI images of 1030/1020 ratio at cortex and secondary spongiosa of all genotype mice at both ages show the intensity and spatial distribution of crystallinity in the same color scale (Figs. 4C and 4D ).
FIG. 2. Representative 3-D rendered CT images of 16-week dmp1 (A, C, E, and G) WT and (B, D, F, and H) KO mice tibias.
Dmp1 (B) KO tibia showed enlarged metaphysis, abnormal shape and shorter length compared with (A) WT tibia. In longitudinal sections of tibias, significantly enlarged flared metaphysis, expanded growth plates, and smaller secondary ossification centers were seen in dmp1 (D) KO tibia relative to (C) WT. In 5-mmthick cross-section under the growth plate, trabeculae were sparser in the dmp1 (F) KO than in the dmp1 (E) WT. In the 1-mm cross-section of tibia midshaft, thinner cortical wall and larger marrow space were observed in the dmp1 (H) KO compared with (G) WT. All scale bars are 1 mm.
Collagen cross-link ratio did not change in dmp1 KO mice
The collagen cross-link parameter, XLR, calculated from the intensity ratio 1660/1690 wavenumbers, were not significantly different in the dmp1 KO mice bones compared with values in similar bone sites of WT and HET mice at both ages (Fig. 3C) .
Serum chemistry
Serum calcium and phosphate concentrations in mice of intermediate age (12 weeks) are summarized in Table 2 . The KO mice had significantly lower ionic calcium and phosphate concentrations relative to WT mice, whereas in the HET mice, values for phosphate were equivalent and calcium values were decreased relative to WT values.
DISCUSSION
Bone is a unique mineralized tissue composed of several cell types and a structured organic matrix impregnated with oriented hydroxyapatite crystals. Bone cells synthesize and secrete the bone matrix, consisting of type I collagen and noncollagenous proteins. (4) Although the detailed mineralization mechanism remains obscure, phosphorylated noncollagenous proteins including the SIBLING proteins have been shown both to nucleate formation of apatite crystals within collagen gap zones and to block the formation and growth of these crystals. (3, 4, 21, (39) (40) (41) DMP1, a member of the SIBLING family, has very high calcium ion and apatite binding capabilities, (20) is secreted into the extracellular matrix during endochondral bone formation, (42) and may have a role in initial mineralization.
This study has shown that deletion of the dmp1 gene in mice results in bone changes reminiscent of those noted in osteomalacia, (43, 44) decreased bone mineralization, and increased mineral crystallinity. Dmp1-null mice bones are less mineralized than their age-, background-, and sex-matched WT and HET counterparts, as reflected by a consistently decreased mineral-to-matrix ratio by FTIRI. Furthermore, the mineral crystallinity, as estimated from the 1030/1020 wavenumbers intensity ratio, was increased in the dmp1-KO mice bone relative to the corresponding WT mice. In addition, 16-week dmp1-KO mice had smaller crosssectional area than dmp1 WT and HET mice and had lower cross-sectional moments of inertia compared with the HET but not with the WT mice. The dmp1-KO mice had flared metaphyses, thinner cortices, and reduced diaphyseal moments of inertia that did not increase with age. This, as well as the decreased mineral content, would make the bones weaker. Whereas the widening of the metaphysic might be a response to the decreased mineralization, the failure of the bones to grow most likely is directly caused by the mineralization defect, although it might relate to the role of dmp1 in regulating bone cell differentiation. (45) These findings support a role for DMP1 or DMP1 peptides in the mineralization process. Qin et al. (46, 47) isolated two fragments of DMP1 protein from bone, namely the N-terminal 37-kDa fragment and C-terminal 57-kDa fragment, and indicated that DMP1 is proteolytically cleaved at four X-Asp bonds. Isolation of the complete autochthonous form of DMP1 protein has not been successful. The carboxyl-terminal 57-kDa fragment of DMP1 and the unphosphorylated recombinant protein acted as nucleators of hydroxyapatite. (20, 21, 23) In contrast, a phosphorylated fulllength bovine DMP1 expressed in marrow stromal cells, and presumed to represent the actual intact DMP1 made in bone cells, was a mineralization inhibitor. (23) We thus speculate that, as the complete phosphorylated DMP1 is secreted into extracellular matrix, some proteinases cleave Cross-sectional area, area of cortical cross-section between the periosteal and the endosteal surfaces; I max , maximum cross-sectional moment of inertia; I min , minimum cross-sectional moment of inertia; J, polar cross-sectional moment of inertia.
it into fragment(s) that initiate mineralization. Analogously, DSPP, another SIBLING member, considered to be an inactive precursor protein, is cleaved at X-Asp bonds to release a functional C-terminal fragment, dentin phosphoprotein (DPP), which is an extremely effective nucleator of hydroxyapatite. (3, 39, 46, 48) It should be noted that the enzymes responsible for DMP1 proteolysis have not been conclusively identified, although BMP-1/Tolloid-like proteinases (49) and phosphate regulating gene with homologies to endopeptidases on the X chromosome (PHEX) enzyme (46) have been postulated to be involved. Steiglitz et al. (49) have successfully used BMP-1/Tolloid-like proteinases to cleave full-length DMP1-generating fragments similar in size to those previously isolated from bone and showed that fibroblasts from mouse embryos lacking this proteinase have deficient DMP1 processing.
In addition to its postulated function as a hydroxyapatite nucleator, DMP1 also is involved in calcium and phosphate metabolism through the kidney. (10) A kidney effect is suggested by the significantly reduced serum concentration of calcium and phosphate in the dmp1-KO as contrasted with the WT and HET mice. The kidney effect would have an indirect impact on mineralization but could account for much of the observed phenotype because lower Ca × P products, as seen in rickets and osteomalacia, would decrease the formation of new mineral and would tend to increase crystal size, because it is energetically easier for whatever crystals are present to grow in the presence of low Ca × P products than for new crystals to form. (50) Similarly, because DMP1 can bind pro-MMP-9 to activate MMP-9, (18) an additional indirect effect that could account for the hypomineralization phenotype would be the need for DMP1 activation of MMP-9 for matrix modification before calcification. There are other activators of MMP-9, so this could be a minor effect. However, the MMP-9 KO also has impaired mineralization associated with blocked vascular invasion, (51) although frank osteomalacia has not been reported in MMP-9 KO mice, and there are other DMP1-independent pathways that can be used for MMP-9 activation. (18) The increased crystallinity noted in the dmp1-KO mice in part can help distinguish between these mechanisms. The hydroxyapatite crystals formed in the presence of 57-kDa C-terminal DMP1 fragments were smaller than those formed in its absence, (23) indicating that DMP1 can regulate crystal growth. Thus, it is possible that the crystals are larger in the dmp1-KO mice because a regulator of growth is missing or because nucleation is impaired and thus fewer nuclei are available. Because there is a tendency for existing crystals to grow rather than for new crystals to form, especially in an environment in which Ca × P product is reduced, this could account for the increased crystallinity in the dmp1-KO mice. Crystals in animals with decreased or modified proteoglycans tend to be larger, (52, 53) suggesting that the failure to activate MMP-9 probably is not a key factor in the mineralization defect in these animals, although it may account for the unusual shape of the growth plate, because vascular invasion would be impaired if MMP-9 were not activated. The lack of detectable difference in matrix age, reflected by XLR, implies that the matrix may not be persisting for a longer time, although the scatter in the data indicates that the matrix distribution in the WT mice tends to be much more heterogeneous than in the KO mice, implying that the KO matrix might be processed to different extents.
It is important to note that values for crystallinity in dmp1 HET mice were not intermediate between values for KO and WT mice, but were greater than KO values. This implies that this is a dominant trait and stresses the importance of dmp1 expression for normal development. Serum Ca and P levels in HET mice were intermediate between WT and KO mice; thus, the alterations in crystal size are probably not directly caused by a physicochemical effect, but are more likely dependent on direct actions of DMP1.
In conclusion, the findings of decreased mineral content and increased crystal size in dmp1-KO mice show depletion of DMP1 in vivo decreases bone mineralization and reveal DMP1 has multiple roles (both direct and indirect) in the regulation of postnatal mineralization. We suggest that direct effects on mineral formation and mineral crystal growth and indirect effects on regulation of Ca × P concentrations and matrix turnover all contribute to the dominant phenotype in the dmp1-KO mouse. Results from 12-week-old animals are means ± SD of n determinations. * p < 0.05 and † p < 0.0001 vs. WT.
DMP1 DEPLETION DECREASES BONE MINERALIZATION 2175
